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Background: Recent improvements in fixed acoustic monitoring receivers allow the tracking of individual aquatic
animals over long periods of time with regular fine-scale positions. The VEMCO Positioning System (VPS) is now
widely used, but various methodological issues remain to be clarified. The aim of this study was to analyze the
spatial distribution of the probability of location and the positioning error over the entire surface of a hydropower
reservoir, prior to analyzing fish behavior.
Findings: Filtering the data set by the horizontal position error (HPE) significantly reduced the positioning error.
Retaining only the positions with an HPE less than 15 retained 79% of VPS positions and decreased the positioning
error by 33% (mean = 3.3 m, SD = 3.3 m). A higher probability of location was observed inside than outside the
receiver array (44% and 36%, respectively). Moreover, the positioning error significantly differed inside (n = 243,
mean = 2.4 m, SD = 2.1 m) and outside (n = 253, mean = 4.2 m, SD = 4.0 m) the receiver array (P < 0.001). Finally,
the lowest positioning errors were detected in the area with the highest receiver density.
Conclusions: The VPS measures fish positioning in a reservoir, under suitable conditions, with satisfactory accuracy.
We showed that the probability of location and the positioning error differed spatially in accordance with previous
results in other conditions. Consequently, these analyses are recommended as a prerequisite to further spatial
analyses using VPS-derived data.
Keywords: Acoustic telemetry, VEMCO Positioning System, Probability of location, Positioning error, Spatial
distributionFindings
Background
Acoustic tracking is becoming an increasingly popular tool
for determining activity patterns and habitat utilization
by aquatic animals in acoustically amenable environments
[1-4]. Recent improvements in fixed acoustic monitoring
receivers potentially allow the tracking of a tagged aquatic
animal anywhere in the instrumented region of interest,
recording individual positions every few seconds [5].
Nevertheless, in spite of its effect on the quality of the* Correspondence: romain.roy@irstea.fr
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reproduction in any medium, provided the orbehavioral data collected, the accuracy of positioning mea-
surements is seldom assessed (but see [6-8]).
The probability of location, defined by the proportion of
tag transmissions that result in a calculated position, and
the positioning error, that is, the Euclidian distance be-
tween the calculated position and the actual position of
the tag, are major characteristics of telemetry systems [6].
Various authors have pointed out the effects of multiple
intrinsic and environmental factors on the probability of
location and positioning error, such as the number of re-
ceivers deployed, the accuracy of the receiver location
measurements, the receiver array characteristics, collisions
between transmissions from multiple tags, the location of
the tag relative to the locations of the receivers, time. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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raphy and thermal conditions [2,6,8-12].
The VEMCO Positioning System (VPS) is based on a
three-receiver time difference of arrival (TDOA) algorithm
used by the VEMCO Radio-Acoustic Positioning (VRAP)
system [9,13]. The VPS has been extended to work with
an array of three or more receivers that do not have clocks
synchronized to real time [9,13]. The VPS can estimate
fine-scale positional information on multiple tagged ani-
mals simultaneously over a large area [9]. This system is
now widely used in fish behavior studies in marine and
freshwater environments [7,14-20]. However, its perform-
ance has not yet been extensively documented (but see
[7]). The aim of this study was to analyze the spatial distri-
bution of the probability of location and the positioning
error over the entire surface of a hydropower reservoir,
prior to analyzing fish behavior.200km
Figure 1 Spatial distribution of the data used for this study. The inset
the positions of the receivers, the blue polygon is the receiver array, the gr
the black line is the reservoir’s edge. dGPS, differential GPS; VPS, VEMCO PoMethods
Bariousses hydropower reservoir is an 80.9-ha impound-
ment of the Vézère River in west central France (45.33°N,
1.49°E) (Figure 1). Its shape is irregular and its water level
fluctuates. An array of 40 underwater VR2W omnidirec-
tional acoustic receivers (VEMCO, Halifax, NS, Canada)
was deployed in January 2012 throughout the reservoir
(Figure 1). The number and distribution of receivers was a
compromise in terms of cost and the need to instrument
the whole reservoir, while seeking to provide full local de-
tection coverage and high precision of estimated locations.
The receiver deployment took the bathymetry, the shape
of the reservoir and the maximum intensity of water-level
fluctuations into account to avoid the potential for re-
ceivers being beached. The receivers were positioned an
average of 150 m apart (range was 72 m to 223 m) at an






map of France shows the location of the reservoir. The red dots are
ey lines are the dGPS tracks, the black dots are the VPS positions and
sitioning System.
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(69 kHz, actual transmission delay of 25 s, at the start of
its operational life) slowly dragged by boat (mean speed
was 1.6 km h-1) at a depth of 1 m. The actual position of
the tag was measured every second with a differential
GPS (dGPS) (Leica 1200®) (Figure 1). It was assumed that
the performance of this test tag in terms of sound pressure
level was typical of the V9P-2L model. The tests were
conducted over three non-consecutive days (26 and 29
January 2012 and 15 January 2013), between 9 am and
5 pm, with comparable water temperatures (4.9°C to
5.2°C; thermal profile isothermal) and an unchanged
receiver configuration.
The VPS positioning algorithm was used to calculate
the positions of the transmissions of the test tag [13].
Because the receivers’ clocks are not synchronized with
GPS time, to match the calculated and GPS-measured po-
sitions accurately, the data needed to be synchronized. For
each of the three days of testing, each calculated position
was matched with its spatially closest GPS-measured pos-
ition, and the time differences between the matched posi-
tions were averaged for that day. These daily averages
were used to correct VPS time to GPS time.
To assess the probability of location, each test tag
transmission not positioned by the VPS had to be lo-
cated; the location of the test tag was obtained from the
GPS-measured track of the boat at the precise time
when the tag transmitted (every 25 s). For transmissions
that were positioned by the VPS, the calculated position
was used as the location of the test tag. The positioning
error was calculated for each calculated position as the
Euclidean distance between it and the GPS-measured
position with the same time.10
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Figure 2 Relation between the mean positioning error (A) and numbe
lines are the standard deviations (mean ± SD), and the red lines show the v
filters between 30 and 5770 (only 28 positions concerned) have not been sThe horizontal position error (HPE) was estimated for
each calculated position [13]. HPE is a relative and di-
mensionless measurement of how sensitive a particular
calculated position is to error for the measurements of
the arrival times of the transmission at the receivers
[13]. A calculated position with a higher HPE provides
less information on the position of the animal than a cal-
culated position with a lower HPE. Because of this, VPS
positions are usually filtered by HPE prior to fine-scale
analysis of fish behavior. The changes in the number of
calculated positions and the average positioning error
were analyzed for different HPE filter values.
The probability of location over the entire surface of
the reservoir was interpolated from calculated positions
and transmissions not positioned using an inverse dis-
tance weighted technique (cell size = 10 m; power = 0.1;
search radius = the ten nearest points) [21]. The posi-
tioning error was mapped in the same way as the prob-
ability of location.
A Wilcoxon nonparametric test was used to compare
the difference in the positioning error inside and outside
the receiver array, computed with R software [22].
Spatial analysis and representations were performed with
ArcGIS 10 (ESRI, Redlands, CA).
Results
In this study, 628 positions were calculated over 8 h 54
min. The average probability of location was 49% and
the average positioning error was 5.0 m (range = 0.05 m
to 90.4 m, SD = 7.8 m).
Selecting the positions with an HPE less than 15 de-
creased the average positioning error by 33% (n = 496,


























r of calculated positions (B) with the HPE filter values. The dotted
alue of 15 for the HPE filter. Note the discontinuity of the x-axis; HPE
hown for clarity. HPE, horizontal position error.
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lection, a higher probability of location was observed inside
than outside the receiver array (44% and 36%, respectively).
Moreover, the positioning error significantly differed
inside (n = 243, mean = 2.4 m, SD = 2.1 m) and outside
(n = 253, mean = 4.2 m, SD = 4.0 m) the receiver array
with filtering (P < 0.001) and without filtering (P < 0.001).
The spatial interpolation maps confirmed that most of
the lowest probability of location sites (<25%) and the
highest positioning error sites (>5 m) were located out-
side the receiver array (Figures 3 and 4). Nevertheless, it
can be seen from these maps that there is a positioning
error less than 5 m over most of the reservoir surface
and an error less than 2 m in one-third of the area
(the upstream part) where the receiver density was high-
est (Figures 3 and 4).Figure 3 Spatial distribution of the probability of location inside the
less than 15. The grey line is the limit of the receiver array, the black dots
edge. HPE, horizontal position error.Discussion
This study provides information on VPS performance
and highlights the spatial distribution of the probability
of location and the positioning error. Currently, posi-
tions calculated with the VPS are usually filtered by HPE
before biological analysis. Our results confirm the use-
fulness of this technique in improving the quality of the
positioning [7]. In many studies, the HPE threshold is
set between 10 and 20 [16,17,23,24] but this choice is
seldom discussed or objectively assessed. In the environ-
mental conditions experienced in this study, we ob-
served a large variability in the number of calculated
positions and the mean positioning error for HPE filters
between 10 and 20. A value of 15 was used in this study
to minimize positioning error (mean 3.3 m) as much as
possible while not decreasing sample size excessively.Bariousses reservoir when selecting the positions with an HPE











Figure 4 Spatial distribution of the positioning error inside the Bariousses reservoir when selecting the positions with an HPE less
than 15. The grey line is the limit of the receiver array, the black dots are the positions of the receivers and the black line is the reservoir’s edge.
HPE, horizontal position error.
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conditions, the choice of this threshold value (here a
compromise between the number of positions and posi-
tioning error) should be discussed according to the ob-
jectives of the study.
An average of 40% probability of location and posi-
tioning error of 3.3 m throughout the Bariousses reser-
voir when data are filtered by HPE less than 15 are
consistent with the values obtained in an estuary by
Espinoza et al. [7]. In the environmental conditions ex-
perienced in this study, using VR2W receivers and a
V9P-2L tag, the probability of location was higher and
the positioning error significantly lower inside than out-
side the receiver array and when more receivers were
used for positioning. Therefore, with a more robust data
set, we confirm the results of Espinoza et al. [7] regard-
ing the distributions of the probability of location and
the positioning error. However, we noted that the prob-
ability of location was rather low compared to our ex-
pectations. This has to be taken into account before
choosing a transmission delay for the tag in accordance
with the monitoring frequency desired.Analyzing the spatial distribution of the probability of
location and the positioning error makes it possible to
isolate areas where aquatic animals would be detected
with difficulty or inaccurately located. The present re-
sults demonstrate that in the Bariousses reservoir, fish
can be tracked almost continuously with a reasonable
positioning error (<5 m), even near the shores. With a
positioning error of less than 2 m in the upstream part
of the reservoir, where the density of receivers was the
highest and the receiver array was the most optimal, this
equipment can monitor fish habitat use at a fine scale.
Nevertheless, the detection efficiency estimates are likely
to be at the top end of the range of what can be ex-
pected during an actual tracking study because collisions
increase when multiple tags are used.
Finally, these tests provide information on VPS per-
formance under suitable conditions and confirm some
previous results of the accuracy of the system. This kind
of preliminary study could be very useful for the refine-
ment of the array design itself. Additionally, these ana-
lyses are recommended as a prerequisite to any further
spatial analyses using VPS-derived data.
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areas with a low probability of location (<25%) to refine
the spatial distribution of the positioning error. More-
over, reservoirs experience thermal and chemical stratifi-
cation over the year [25] and fish behavior may be
studied over long periods during which there are fluctu-
ations in these environmental parameters. Considering
that the speed of an acoustic wave can also be influenced
by these parameters, it would be useful to conduct a de-
tailed study of how the probability of location and the
positioning error evolve over the year.
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